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Abstract 
Aeroengine components are often affected by high temperature creep-fatigue mechanisms which result in cyclic crack 
propagation. Some of these components, like turbine and compressor disks, have some geometrical features that act as stress 
concentration regions with a strong impact in the crack front geometry. Also, recent investigations show that shot peening may 
have an important influence for crack arresting or even in the delaying of short crack propagation.  
This investigation presents some experimental results obtained for two types of specimen geometries of a new generation PM Ni-
base superalloy. A set of fatigue crack growth curves were obtained from high temperature fatigue testing considering different
loading frequencies and two surface conditions of the material: as-machined and shot-peened. The results indicate that the 
compressive residual stress field due to shot peening contributes to the crack initiation stage, which however diminishes as the
initial damage increases beyond a critical dimension. In the case of long crack propagation, it was found that the crack front 
assumed different geometries during the propagation stage. This fact combined with the high stress gradient region inherent to 
the specimen’s stress raisers led to the development of a specific stress intensity solution for this non-standard transitory crack 
front geometry, which was carried out using a finite element analysis. The results from the computational analysis provide a 
proper stress intensity factor solution that can be used in some experimental particular cases where an alteration of the crack front 
geometry is expected. 
Keywords: Creep-fatigue; crack propagation;  stress intensity factor; shot peening; Ni-base superalloys 
1. Introduction 
Nickel base superalloys are widely used in critical components within the hot sections of aeroengines (such as 
turbines and high pressure compressor disks) due to their superior resistance to creep-fatigue damages at high 
temperatures. Recent new generation superalloys obtained by powder metallurgy (PM) techniques are characterized 
by having refined microstructures and a high content of allowing elements with different roles in the overall 
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mechanical properties of the material which, in turn, are optimized based either on solid solution strengthening or on 
precipitation hardening mechanisms [1]. The high-temperature strength of the material and its outstanding resistance 
to creep deformation follow from a two-phase equilibrium microstructure consisting of a gamma (Ȗ) austenitic phase 
with gamma-prime (Ȗ') precipitates of type (Ni3(Al, Ti)). The distribution of Ȗ' precipitates as well as grain size of 
the microstructure can be obtained by adequate heat treatment routes with a strong impact on the mechanical 
properties of the material, as demonstrated by several authors [2-7]. In general terms, these investigations show a 
positive correlation between fatigue resistance and increasing grain size, whilst a high volume fraction of Ȗ’ phase 
enhances creep behaviour. The presence of precipitates and the possible existence of other type of microstructural 
features, resulting from the materials processing (such as pores and cavities), can induce the initiation of small 
fatigue cracks which tend to exhibit significant high growth rates. These nucleation sites are even more relevant 
when placed in stress concentration regions associated with the geometrical characteristics of certain components. In 
the case of aeroengine turbine disks, the blades’ fixation regions constitute a stress raising area especially prone to 
the occurrence of fatigue cracking. Aditionally, the operational environment of turbines implies both high 
temperature and cyclic loading, which are two conditions with a major influence on crack propagation mechanisms. 
In fact, it is generally accepted that the fatigue crack growth rate increases with temperature, and there is also a 
strong influence of frequency on the crack propagation modes [8-11]. 
Shot peening is a quite successful surface treatment process for extending the service life of aeroengine 
components, particularly those with stress raising features, and its appropriate use can lead to an increase in service 
life in the order of 600-1500%. Shot peening induces a very thin layer of compressive residual stress, in the order of 
hundreds of micrometers, at the surface of the component, minimizing the chance of crack initiation and early crack 
propagation. However, this technique is only effective if the damage of the component is confined to the 
compressive layer. In fact, if the size of the surface damage (e.g., a scratch) is greater than this thin region, the effect 
of shot peening on crack propagation rate is quite small, almost negligible [12-14]. In spite of the usefulness of shot 
peening, very little information is available about its effect in the presence of notches and under elevated 
temperature conditions, but in general terms one can conclude that in some circumstances part of the shot peening 
effect is lost by stress relaxation in the vicinity of notches [15-17].  
The present work is focused in the high temperature behaviour of a PM nickel-base superalloy that is currently 
being used in high pressure compressor and turbine disks of civil aircraft engines recently introduced into market. 
This work has two distinct but complementary goals: 1) to evaluate the effect of different scratches in a shot peened 
surface at elevated temperature; 2) to study the propagation of long cracks facing geometry changes in the vicinity 
of notches. In the first case, several washer type specimens with different scratch sizes were fatigue tested in the 
conditions of as machined and shot peened, allowing obtaining S/N curves for the two surface conditions.  In the 
second case, long crack propagation from a stress raiser was evaluated considering the change of the crack front 
geometry during propagation. The critical stress raising region was obtained by using a double-U specimen and 
da/dN-'K propagation curves were determined in order to characterize the creep-fatigue behaviour of the material 
under different loading scenarios. 
2. Material and experimental procedures 
The material considered for this investigation is a recently developed nickel base superalloy using a powder 
metallurgy (PM) technique. This material was processed through a powder route, which involved argon atomisation 
to a 75 Pm powder followed by HIPing, and extruded to a 12 inch diameter billet. This alloy was specially designed 
for gas turbine and compressor discs, having as main features good fatigue and creep resistance in addition to 
resistance to corrosion and oxidation under severe operating conditions. Its chemical composition is 18.5% Co, 15% 
Cr, 5% Mo, 3.6% Ti, 3% Al, 2% Ta, 0.07% Hf, 0.06% Zr, 0.027% C, 0.015% B  and balance Ni. During the 
fabrication process of this superalloy a solution treatment was applied, from which a uniform structure of fine grain 
was obtained, with a typical average grain size of about 8-12Pm [18]. The thermal treatment consisted of four hours 
of preparation with a temperature of 1120ºC followed by a duplex ageing treatment (24h at 650ºC and air-cooling 
followed by 16h at 760ºC and air cooling to room temperature), resulting in a fine and dispersed J’ phase with a 
volume fraction of approximately 12% and an average size of 1.8Pm. Monotonic properties of this superalloy at 
650ºC are: E = 188.6GPa; Q = 0.255; UTS = 1448MPa and V02 = 1034MPa, [9].  
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A servo-hydraulic testing machine INSTRON® 1382 with a digital controller Fast Track 8800® connected to a 
computer was used for the crack initiation tests, in load control, with a trapezoidal waveform 1-1-1-1s and load ratio 
R=0.1. The specimen used in this test was the washer type (Figure 1(a)), which has a cross sectional area of 11.0 x 
5.08mm in the critical section with an elastic stress concentration factor Kt=1.32 due to a curvature radius of 
4.5 mm. In some specimens a scratch of 50μm or 100μm depth and a root radius of 50 μm was artificially created at 
the surface, after shot peening treatment. Loads were initially selected so that failure could occur in the range of 
1000 to 100000 cycles. A furnace, controlled in 3 regions, was used to keep the specimens at 650ºC during the 
fatigue tests. Crack propagation rate was measured with a DCPD (direct current potential drop) system specifically 
developed for these tests. The potential drop wires had to be welded at a 1.6mm distance from the scratch to avoid 
the risk of failure at the welds, which reduced the sensitivity to measure small cracks. In order to calibrate the 
potential drop system and to observe crack shape as it was growing, several beach marks were made on the fracture 
surface by changing the maximum load time from 1s to 97s.  
Long crack tests were carried out on a Dartec® M1000/RK servo-hydraulic testing machine (100kN capacity) 
coupled with a digital based controller.  A high temperature environment (T=650ºC and standard air) was provided 
by using a closed electrical furnace with three thermocouples placed along different positions at the surface of 
specimens, allowing a maximum temperature variation of r1ºC. All tests were conducted under load control 
conditions using R=0.1 and considering three different loading frequencies: 5Hz sinusoidal and two trapezoidal 
cycles of type 1-X-1-1s, where X represents different hold times (1s or 30s) at maximum load. Crack extension was 
measured using a conventional DC potential drop technique and a calibration procedure. In order to simulate foreign 
object damage (FOD) at a turbine blade root fixing, a small semicircular electro-discharged machine slot of 
approximately 0.6mm was made at the centre of the notch root on one side of the specimen. Also a pre-cracking 
stage using a sinusoidal 5Hz waveform at room temperature was carried out prior to all fatigue tests to ensure an 
initial crack length of approximately 1mm. Double-U specimens had a 14.26 x 5.025mm cross-section between the 
two semi-circular notches, with a root radius of 3.38mm having and elastic stress concentration factor Kt=2.29. This 
geometry allows obtaining long cracks starting from stress raisers and facing an alteration in its geometry while 
propagating.  
Both types of specimens, washer and double-U notch, are representative of a critical region of a compressor disc. 
These where provided with two different surface conditions: as-machined and shot peened (110H 6-8A 100%). 
Figure 1 shows an image of the two geometries of specimens considered for experimental testing.  
(a) (b) 
Fig. 1 – (a): image of a washer type specimen used for crack initiation; (b) image of a double-U specimen used for long crack propagation. 
3. Determination of the stress intensity factor for a non-standard crack geometry 
As already mentioned, one goal of this work is to obtain a particular solution for the stress intensity factor of a 
crack with a non-standard geometry. The determination of the stress intensity factor (K) solution along different 
crack front positions is mandatory when aiming at the characterisation of crack propagation curves of the type 
da/dN-'K. Several methods have been developed for the purpose of calculating K based on an analytical, numerical 
or experimental analysis. In most cases, numerical analysis becomes the preferred investigation method due to its 
flexibility on dealing with complex geometries. Particularly the finite element method (FEM) is a powerful tool 
which is frequently used for K calculation concerning different positions along the crack front, based either on the 
determination of the stress/strain/displacement field around the crack tip or on the energy release rates related with 
crack extension [19, 20].  
Due to the particular type of double-U specimen geometry used in the present investigation, the crack front 
obtained during fatigue testing experienced a gradual alteration of its geometry as the crack extended. This situation 
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is frequently observed in aeroengine components affected by fatigue damages under real operational conditions, and 
a particular approach must be taken when aiming at reproducing these situations in laboratorial scenarios.     
Figure 2(a) shows a schematic representation of the typical form assumed by the crack front since its initial 
position (near a small edge notch placed in the middle angle of one of the semi-circumferential U notches) till the 
end position coincident with the end of each test. As observed, the crack front has a quarter elliptical shape in the 
early stages of propagation and a conventional through rectilinear geometry by the end of testing. However, in the 
transitory stages, the crack front assumes a non-conventional geometry with any available solution in the literature, 
forcing the determination of stress intensity factor for different crack positions using numerical simulations. 
         
3
        (a)     (b)    
Fig. 2 – a) Illustration of different types of geometries of crack front during propagation (1-elliptical; 2-transitory; 3-rectilinear through crack); b) 
Detail of the mesh geometry created using ZENCRACK£ for a transitory crack front geometry. 
Figure 2(b) represents an example of the finite element mesh around a transitory crack front geometry 
implemented with ZENCRACK£ v7.4 software [21]. This code allows great flexibility in the generation of meshes 
associated with complex geometries via a crack block approach with pre-defined parameters. These crack-blocks are 
inserted into the uncracked original mesh created using ABAQUS® v6.5. All the analysis considered linear elastic 
material properties which led to an r-1/2 singularity at the crack front. This singularity was obtained by using 
collapsed 20 noded brick elements, considering that a single node defines each crack front position and the radial 
midside nodes are moved to a quarter-point position. Additionally, ZENCRACK£ automatically compensates free-
edge effects by altering the stress condition near surface positions. This feature guarantees an improved accuracy for 
the stress intensity values at the intersection of the crack front with free surfaces.  
Figure 3 shows the variation of the stress intensity factor along different positions concerning several crack fronts 
as obtained on a particular specimen used on a high temperature fatigue test. All the transitory crack geometries for 
all the fatigue tests carried out in this investigation were modeled in a similar approach; this allowed to obtain a 
large bulk of values for K related with different transitory crack shapes represented by the ratio of the dimensions a
and b indicated in Figure 2(a). From the experimental results, this ratio varied within the interval 1.1 d a/b d 6.7, 
which is a domain of validity representative of all the transitory crack geometries obtained, from near elliptic 
(during the early propagation stages) to a near rectilinear through- crack (at the end of propagation).  
Equation (1) gives a non-dimensional solution for K obtained by an interpolation procedure using the least 
squares method. Comparing the results calculated with this solution to those referring to the finite element 
simulations, the interpolation error was found to be between a minimum value of 0.6% and a maximum value of 
14.4%. 
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Finally, a 3D finite element model of the double-U specimen was also carried out in order to obtain the elastic 
stress concentration factor for this particular geometry, as well as the stress distribution in the direction of the crack 
propagation plane needed for the subsequent manipulation of the experimental data. The value of the numerically 
obtained stress concentration factor (Kt=2.31) showed a minor difference compared with the theoretical one 
(Kt=2.29).
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Fig. 3 – Distribution of K along different crack front positions as obtained for a particular fatigue test (specimen #026). 
4. Experimental results and discussion 
4.1. The effect of shot peening in crack initiation 
Figure 4 shows the S/N curves for all the washer type specimens tested with the testing parameters defined in 
Chapter 2. Each point represents an experimental test, whilst the lines correspond to the general trend of the points. 
Points with an arrow pointing to the right “o” identify when the test was stopped without specimen failure. Each 
point type represents a particular set of tests. Closed symbols are the shot peened results while the open ones 
correspond to the as-machined condition. Square symbols identify the results for the specimens without scratch, 
whilst the diamond and triangles are used for the 50 Pm and 100 Pm scratch depth, respectively. As can be expected 
for the specimens without scratch it is clear that shot peening has a strong beneficial effect, when compared with the 
as-machined condition. This means that for this alloy, even at high temperature and LCF (low cycle fatigue) 
conditions, shot peening is quite effective.  
As expected, the fatigue life of the specimens is reduced in the presence of a scratch being lower for deeper 
scratch sizes. For the 50 Pm scratch depth, shot peening retains a small effect but almost no influence for the 
100 Pm scratch. For the scratched specimens it is possible to notice a threshold in fatigue life especially for the shot 
peened condition. In the case of the 50 Pm scratch, when the maximum nominal stress is less than 800 MPa the 
number of cycles to failure is quite high (in fact, results show that specimens did not broke). However, if the stress 
level is higher than 800 MPa, then fatigue life is reduced drastically to some thousands of cycles. The same 
behaviour can be observed for the 100 Pm scratch with a stress level of about 680 MPa. For the deepest scratch size 
it seems that the shot peening effect is completely lost for LCF (low cycle fatigue) conditions, or if it exists is quite 
small; however for HCF (high cycle fatigue) conditions some doubt remains, and  more tests are required. 
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An estimation of crack initiation was performed using the experimental PD (Potential Drop) measurements. Only 
scratched specimens could be monitored using this technique, since all as-machined specimens failed in the welding 
region of the PD probes, invalidating these tests. The criterion for crack initiation was defined by the number of 
cycles necessary to the PD measurements increase 0.2% relative to the initial PD mean value (without any 
propagation). Because of the risk of welding the PD probes close to the scratch, the measuring resolution of so small 
cracks is quite low. Taking the number of cycles according to this criterion, some early crack propagation must be 
included. However, as Burgess [13] points out, it is important to note that initiation is merely an arbitrary defined 
point in practical engineering. 
Figure 5 is a graphical representation of the number of cycles to a 0.2% increase in PD normalized by the total 
number of cycles to failure for all the specimens whenever it was possible to use the DCPD technique. The Sc label 
identifies the scratch depth (50Pm or 100 Pm), whilst AM or SP identifies the surface condition (standing for as- 
machined and shot peened, respectively). From these results is possible to notice a dependency of crack initiation 
with the applied load for the 50 Pm scratch depth. For lower stress levels, almost all of the life of the specimens is 
spent in the crack initiation stage, but the duration of this stage is almost linearly reduced as the stress level 
increases. At higher stresses, close to 950 MPa, it seems that the crack initiation stage is very short, only about 10% 
of total life. For the 100 Pm scratch depth, the proportion of life spent in early crack propagation seems to be 
independent of stress. For this situation, the crack initiation stage represents only a very small part of total fatigue 
life, in the order of 10-20%. From these results it is possible to conclude that shot peening has a notorious influence 
in crack initiation for small defects however for lager defects (e.g. 100μm depth) shot peening effect seems to be 
negligible. 
4.2. Non-standard long crack propagation 
The second part of this work intended to obtain a particular stress intensity solution for a crack front with a non-
standard geometry, as obtained in the vicinity of stress raisers in real aeroengine components. As mentioned before, 
a double-U specimen geometry was used for this purpose. The alteration of the crack front geometry during 
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propagation led to the utilization of two distinct K solutions. At the initial propagation stages where the crack front 
assumes an elliptical shape, K was determined from the Pickard solution [19] expressed by Equation (2): 
   G B SK M M M F D aV S    )           (2)
In this expression, the coefficients MG, MB and MS are correction factors that account for the crack type, the 
position on the crack front and the effect of any free surface. F(V) is a stress function which accounts for the effect 
of a complex stress field acting on the crack propagation plane, whilst ) is an ellipticity correction factor. 
Parameters D and a represent the notch depth and crack length from the notch root, respectively. However, the stress 
intensity solution respecting longer cracks having transitory geometries must be obtained using the particular 
expression in Eq. (1) resulting from the finite element analysis described in the previous section. In both cases, the 
position considered for the determination of K is associated with the deepest point at the crack front resulting from 
its intersection with a free surface of the specimen (which is point a indicated in Figure 2 (a)).  
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Fig. 5. Number of cycles up to 0.2% PD increase normalized by total fatigue life plotted against maximum stress for scratched washer specimens. 
Figure 6 presents a set of da/dN-'K crack propagation curves obtained from high temperature fatigue tests under 
different loading frequencies, specifically: 5 Hz (sinusoidal waveform), 0.25Hz (trapezoidal waveform with a dwell 
period of 1s) and 1/33Hz (trapezoidal waveform with a dwell period of 30s). These results refer only to shot peened 
specimens. From the observation of these results it becomes clear that the crack propagation curves have a nearly 
linear plot over a considerably large interval of variation of 'K. This crack growth behaviour can be correlated with 
a Paris law type relation, da/dN=C'Km.
Table 1 presents the values of the coefficients C and m which were obtained from a linear regression type 
correlation. Exponent m was found to be between 1.151 and 2.504, which is in accordance with other crack 
propagation studies using the same material [8].  The analysis also shows an increasing trend of the value m as the 
frequency of fatigue tests decreases, a clear indication of the influence of this parameter on the occurrence of 
different propagation mechanisms. From the observation of Figure 6 it is also possible to conclude that an increasing 
da/dN pattern occurs as the testing frequency decreases, confirming the significant influence of this variable on the 
crack speed and on the alteration of fracture modes. In fact, crack growth rates under fatigue at the lowest frequency 
(f=1/33Hz) are significantly higher than those obtained for the highest frequency (f=5Hz), and this difference 
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approaches one order of magnitude when comparing the two most extreme curves shown in the abovementioned 
figure. 
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 Fig. 6 - da/dN-'K crack propagation curves for shot peened specimens tested under different load frequencies (f=5Hz, f=0.25Hz and f=1/33Hz). 
Table 1 – Paris law coefficients obtained from crack propagation curves under different testing conditions. 
Specimen Surface condition 
Frequency 
[Hz] 
'Ki
[MPa.m1/2]
'Kf
[MPa.m1/2]
C m 
LF010 SP 5 9,68 33,3 4,045x10-6 1,151 
LF011 SP 5 20,28 72,5 8,846x10-7 1,231 
LF012 SP 5 12,85 30,6 3,413x10-7 2,088 
LF014 SP 0,25 33,24 47,86 1,45x10-8 2,658 
LF015 SP 0,25 18,29 42,97 5,81x10-6 1,248 
LF005 SP 1/33 17,71 34,45 1,181x10-7 2,504 
LF016 SP 1/33 14,61 29,07 1,086x10-7 2,66 
In order to confirm the influence of the loading frequency in the alteration of fracture modes, the fracture surfaces 
resulting from fatigue testing were examined by scanning electron microscopy (SEM). Figure 7 shows two distinct 
fracture surfaces associated with the two different loading frequencies, i.e., f=1/33Hz (Fig.7(a)) and f=5Hz 
(Fig.7(b)). It becomes clear that there is an increased amount of intergranular cracking with the reduction of 
frequency, confirmed by the predominantly transgranular cracking pattern of the surface obtained with the highest 
frequency (Fig. 7(b)), compared with the intergranular dominance of the other surface tested with the lowest 
frequency (Fig. 7(a)).  
A similar alteration of crack propagation modes resulting from the application of different frequencies of loading 
has been identified by other authors in this particular material and on other similar Ni-based superalloys. Tong et al. 
[8] concluded that fatigue seems to be the dominant fracture mechanism at high frequencies of loading, having a 
suppressing effect in intergranular cracking possibly due to the interruption of the oxygen diffusion process. These 
authors also found a significant increase of crack growth rates under dwell loading at low frequencies, which is 
explained by the influence of oxidation mechanisms. However, a recent work of Pang et al. [7] using the same 
superalloy led to a different conclusion as the increase of dwell time (from 1s to 20s) originated a slight decrease of 
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crack propagation rates. The explanation for this atypical behaviour can be related with some form of stress 
relaxation induced by localized creep mechanisms which, in turn, tend to blunt the crack tip.  Therefore, further 
work needs be done in order to confirm which is the most prevailing mechanism when intergranular cracking occurs 
at low loading frequencies.  
     
(b)(a)
Fig. 7 – SEM observations of the fracture surfaces tested at distinct loading frequencies. (a): f=1/33Hz; (b): f=5Hz. 
Figure 8 shows the crack propagation rate plotted against frequency for two constant 'K levels (15MPa.m1/2 and 
30MPa.m1/2). As visible, da/dN is relatively insensitive to higher frequencies, but as the frequency decreases the 
crack propagation rate increases, confirming a significant time-dependent effect. However, there is a considerable 
transition region where a mixed time-cycle regime controls crack growth, and some form of simultaneous 
contribution of creep-fatigue-oxidation mechanisms should be expected. This fact was confirmed by identifying 
some cyclic-plastic induced striation marks on a significant number of fracture surfaces tested with intermediate 
frequency levels (f=0.25Hz). Due to the microstructural features of this superalloy, it is possible to assume that time 
dependent processes leading to intergranular cracking must be related with the occurrence of creep mechanisms at 
the crack tip. In fact, the high amount of J’ precipitates will force dislocations to move along crystallographic planes 
oriented in different positions, which will promote a highly irregular fracture surface. However, further high 
temperature sustained load tests are still needed in order to assess the full contribution of creep mechanisms 
associated with crack growth resulting from long dwell loads.  
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Fig. 8 – Frequency dependence of crack growth rate at two levels of 'K.   
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5.  Conclusions 
From the crack initiation tests using the washer type specimens, the following conclusions can be withdrawn: 
x In the case of this superalloy, it has been demonstrated that shot peening is able to increase fatigue life by more 
than one order of magnitude compared with the as machined condition, even at high temperature and LCF (low 
cycle fatigue) conditions; 
x Shot peening effect reduces as the initial defect increases (scratch size). For the 50 Pm depth an improvement in 
cyclic life due to shot peening of about 40% is still noticed; however for the 100 Pm depth the shot peening 
benefit almost disappears 
Results from long crack propagation with a non-standard geometry of the crack front allow concluding that: 
x An appropriate stress intensity solution was determined for crack fronts with non-conventional geometries, 
allowing the determination of experimental propagation curves (of type da/dN-'K) considering long cracks from 
stress raisers; 
x High temperature fatigue tests were carried out allowing obtaining a set of da/dN-'K curves for different loading 
frequencies. From these, it was found that frequency has a significant effect on crack growth mechanisms, as 
time-dependent processes become predominant at longer dwell times (lower frequencies) whilst a cycle-
dependent regime was observed for the higher frequencies. 
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